The dynamic properties of a winged helix protein, Genesis, and its DNA complex at different temperatures were studied. Due to the complexity of motions, the commonly used model-free formalism could not be used to re¯ect the dynamic properties. The reduced spectral density function mapping approach was proven to be a useful tool to describe the overall and internal motion of molecules on the picosecond to nanosecond timescale, and conformational exchanges on the microsecond to millisecond time-scale. The local motions in DNA-free Genesis showed strong temperature dependence and the backbone dynamics of each secondary structural element responds to the temperature change differently, while the Genesis-DNA complex showed more stability with changing the temperatures. Furthermore, each DNA contact sequence of Genesis showed distinct dynamic perturbation after Genesis binds to DNA.
Introduction
The winged helix motif is a highly conserved DNA binding motif, which was ®rst identi®ed in the DNA binding domains of rat hepatocyte nuclear factor HNF-3 (Lai et al., 1990) and Drosophila forkhead homeotic protein (fkh) (Weigel & Jackle, 1990) . Many proteins containing this motif have been identi®ed in various organisms ranging from yeast to human; and they play important roles in tissue-speci®c developmental regulation (reviewed by Kaufmann & Knochel, 1996; Vogt et al., 1997) . Genesis is an HNF-3/fkh homologous protein and contains a winged helix DNA binding domain. The structures of the DNA binding domain of Genesis and one of its DNA complexes have both been determined by using high resolution NMR techniques Jin et al., 1999) . The structural study of the Genesis-DNA complex indicates that the helix 3 of the protein makes major groove DNA contacts and the complex is stabilized by DNA contacts made by the two wings. Our data show that Genesis DNA interaction also leads to structural perturbation and increased thermostability of the protein under the current NMR conditions.
Many previous studies have demonstrated that protein-DNA interaction causes local structural changes in both protein and DNA molecules. The structural characteristics of a protein are closely related to its internal motional properties, therefore, one question is how the dynamic properties of a protein are modi®ed by the protein-DNA interaction. The study of N} NOE, etc.) of the macromolecules by using NMR techniques is a well-established method to provide information on internal and overall motions on the picosecond to nanosecond time-scales and from microseconds to milliseconds Bru È schweiler et al., 1995) .
Here, we present the results from our dynamic studies of the DNA binding domain of Genesis free and complexed with a strong DNA binding site (Clevidence et al., 1993; Sutton et al., 1996; Overdier et al., 1994) at different temperatures. Our results suggest that the internal motions of DNAfree Genesis are dramatically in¯uenced by temperature and that the motional amplitudes of b-sheet in DNA-free Genesis are increased at higher temperatures. Our data also show that protein-DNA interaction restricts the internal motions of many residues and that the temperature sensitivity of secondary structure elements is decreased in the Genesis-DNA complex. In our study, we also observed that although both wings interact with DNA, they show different dynamic properties in the DNA complex. Furthermore, our data demonstrate that although internal motions are in¯uenced by the protein-DNA interaction, the overall diffusions of the complex and DNA-free Genesis show a similar anisotropic tumbling (D k /D c 1.1).
Results

Relaxation parameters
DNA-free Genesis contains four helices, three strands, two wings and 96 protonated backbone amides. Due to the highly overlapped nature of the spectra and the instability of Genesis at higher temperatures (the majority of Genesis precipitates at 300 K in less than two hours) only 71 sets of relaxation parameters have been determined for Genesis at 290 K and 62 sets at 295 K (Figure 1 ). Our previous dynamic study of DNA-free Genesis indicated that DNA-free Genesis is highly dynamic and both wing 1 and wing 2 show sequencespeci®c collective motions at 290 K . When the experimental temperature is raised to 295 K, due to faster overall motions of the molecule and/or increased internal motions, the R 2 value is reduced, while the R 1 value is increased for every residue. Temperature in¯uences the relaxation properties of the residues in wing 1, strand 3 and wing 2 dramatically. Many residues in wing 1 and wing 2 show reduced heteronuclear NOE enhancements; for example, the heteronuclear NOE enhancements of residues F87 and G90 in wing 2 undergo a transition from positive to negative as a result of increased internal motions. Also, residues between 19 and 24, which include strand 1, show shorter than average R 2 values at both temperatures: an indication of internal motions on the microsecond to millisecond time-scale (i.e. conformational exchange and/or isotropic tumbling of Genesis).
Relaxation data have been acquired at three temperatures, 295, 303 and 307 K, for the Genesis-DNA complex (Figure 3 ). At these temperatures the complex is stable and the NH signal to noise ratio is still reliable for relaxation data determination. In our study of the Genesis-DNA complex, 68 out of 96 protonated backbone amides were determined. Our result shows that the relaxation parameters are even more due to Genesis-DNA interaction, especially for the residues from 81 to 87 which are the N terminus of wing 2 in DNAfree Genesis. Here, the R 2 /R 1 ratio is close to the average R 2 /R 1 value from the well-ordered residues in the ®rst four helixes. Our structural calculation indicates that a small helix (H5) is induced between residues 82 and 86 when Genesis binds to DNA (Jin et al., 1999) , and the dynamic data strongly support this conclusion. The residues in strand 1 (residues 19 to 24) also show relaxation parameters closer to the average value obtained from the helixes. Residues in the wing 1 sequence are still relatively¯exible although interactions between the residues in this region and DNA were observed. This fact indicates that the interaction between the protein and DNA in this region is not strong enough to stabilize those residues to form a well-ordered structure. Our data also show that in general the relaxation parameters in the complex are much less in¯uenced by temperature. Although higher temperatures show smaller R 2 and longer R 1 values the relative distributions are rather similar over most of the sequence.
Rotational diffusion tensor
The relaxation properties of a molecule are in¯u-enced by the overall motional anisotropy of the molecule. Therefore, the rotational diffusion tensors of the Genesis/DNA complex and DNA free Genesis were analyzed using the relaxation data R 2 /R 1 at a ®eld of 11.7 T. The atomic coordinates of the minimized mean structures of Genesis (2hfh) and the Genesis-DNA complex (2hdc) from 20 NMR structures were employed in these optimizations. Calculations were performed with three models of approximation: the isotropic diffusion, axial symmetric diffusion, and anisotropic diffusion (Bru È schweiler et al., 1995) . For the Genesis DNAfree protein, the rotational diffusion tensors were calculated from R 2 /R 1 ratios obtained from 34 (290 K) and 46 (295 K) well-ordered residues. The optimized D iso values, which are equal to (1/3) Â (D k 2 D c ), are 1.199(AE0.008), 2.183(AE0.002), and the D k /D c values are 1.06 and 1.15 for DNA-free Genesis at 290 K and 295 K, respectively. The estimated overall tumbling times are 13.9 and 7.6 ns, respectively which are comparable to the values (14.2 and 7.7 ns) obtained from theoretical calculations using the average value of the well-ordered residues. The statistical F-test indicated that an axial symmetrical diffusion tensor could describe the experimental data better than the isotropic tensor (F 2.5) at 295 K, while the isotropic tensor could describe the experimental data better than the axial symmetrical diffusion tensor (F 0.5) for DNA-free Genesis at 290 K. This conclusion is supported by our previous model-free analysis of DNA-free Genesis at 290 K .
The rotational diffusion tensors of the complex at 290, 303 and 307 K were calculated from R 2 /R 1 ratios obtained from 49, 51 and 43 well-ordered residues, respectively. Statistical F-tests indicated that the axial symmetrical diffusion tensors could describe the experimental data better than the isotropic tensors for the data obtained from all three temperatures (F 7.6, 7.5, 3.8) . The optimized D iso values are 1.149(AE0.002), 1.489(AE0.001), 1.523(AE0.002), and the estimated D k /D c values are 1.09, 1.11, 1.12 for the complex at temperatures 295, 303, and 307 K, respectively. The estimated overall tumbling times are 14.5, 11.2 and 10.9 ns, and the theoretical calculated tumbling times for the complex from the average values of the wellordered residues at all three temperatures are 14.87, 11.33 and 11.19 ns, respectively.
Reduced spectral density mappings
The isotropic model-free formalism could be used to analyze the overall and internal motions of DNA-free Genesis at 290 K. This fact indicates that the motions of the H N -N vectors can be mostly described on time-scales from picoseconds to nanoseconds, and from microseconds to milliseconds when the conformational exchange is involved . However, this model could not be used to describe the experimental relaxation data of Genesis at 295 K and Genesis-DNA complex at any of the three temperatures due to their complicated motions. Therefore, the reduced spectral density mapping approximation was used to study the present relaxation data. In this approach, the assumption of overall isotropic tumbling is not required. The calculated J e (0), J(o N ) and J(0.87o H ) values can be used to analyze the overall and internal motions. For example, a residue with a lower than average J e (0) and a higher than average J(o H ) undergoes fast internal motions on the picosecond to nanosecond time-scale.
The J(o) values of DNA-free Genesis are shown in Figure 2 . Our analysis of the J(o) values of Genesis at 290 and 295 K indicates that Genesis is dramatically in¯uenced by temperature. Wing 1 (amino acids 69 to 74), wing 2 (amino acid 82 to 99) and the N terminus of Genesis have much smaller than average J(0) values and higher than average J(0.87o H ) values. Therefore, the amino acid residues in these sequences possess high¯exibility at both temperatures. However, our data show wing 2 of DNA-free Genesis as having much more intense internal motions at 295 K. This conclusion can also be drawn from analyzing the relaxation data. Furthermore, several residues in strand 2 (K63) and strand 3 (T78, D80) also show increased motions at 295 K. This indicates that the b-strand in Genesis is already destabilized at 295 K. Several residues show much larger than average J(0) values at both temperatures, these are S19, Q21, K22, K23, L24 in strand 1 and W47 connecting H3 and H4. These residues have been shown to have R ex at 290 K and thus their much larger than average J(0) values are probably the result of R ex .
The J(0), J(o N ) and J(0.87o H ) values of the Genesis-DNA complex are shown in Figure 4 . Overall, the internal motions in the complex are more restrictive. The J(0), J(o N ) and J(0.87o H ) are more uniform, and the large amplitudes of motions in wing 2 are reduced dramatically. For the complex, only V2, K3 of the extreme N terminus, R98, F99 of the extreme C terminus, and the residues in wing 1 from G69 to G74 show smaller than average J (0) values; and only W47 shows a much larger than average J(0) value. Thus, our data indicate that the protein-DNA interaction dramatically reduces the internal motional freedom in the complex.
The conformational exchange R ex
From equation (11), one could ®nd that the reduced spectral density function J e (0) is the addition of J(0) and R ex . Since the J(0) value of a H N -N vector is in¯uenced by the orientation of the vector in the rotational frame, a residue with R ex is dif®cult to determine for a molecule undergoing anisotropic tumbling in solution (Lee et al., 1997) . Our relaxation data for most of the residues in the well-formed secondary structures of DNA-free Genesis or the Genesis-DNA complex are within a narrow range in each experiment. Therefore, the anisotropic motions in both Genesis and the complex do not severely modify the relaxation properties of the residues in the ®rst four helixes. This is not surprising, since calculated D k /D c values for Genesis and the complex are still close to 1 (1.06 to 1.15). For most of the residues in a well-structured region, internal motions are limited, and we could assume conformation exchanges for these residues are close to zero and that J e (0) is contributed mainly by picosecond to nanosecond internal motions. We then have:
A J mean (0) can be obtained by averaging the J(0) values over the residues which are located in wellordered sequences and do not have obvious R ex on the basis of R 1 /R 2 ratio and heteronuclear NOE data (Barbato et al., 1992) . To determine whether R ex exists for any speci®c residue, we ®rst identify a residue which has:
where m is the experimental uncertainty. Since the large J e (0) value of a residue could also be a result of anisotropic diffusion, we then compare the experimental R 2 /R 1 value of the residue with the calculated value taking into consideration the diffusion anisotropic effect of the molecule. For DNA-free Genesis, our method indicates that residues S7, L17, S19, Q21, Q22, Q23, L24, F32, I33, R36, K43, F44, W47, N49, R52, S55, L57, I64, and E67 undergo conformational exchange processes at 290 K. Our results are consistent with a previous model-free analysis . At 295 K, the residues S19, Q21, K22, W47, E67 experience conformational exchange. For Genesis-DNA complex, residues Y8, I9, Q21, C30, E31, I33, S34, R36, R41, E42, F44, W47, H53, S83 and F92 at 295 K, residues Y8, I9, M14, A15, E31, F32, I33, W47, S83 and K92 at 303 K, and residues Y6, L26, S27, I33, R36, Y39, R41, E42, W47, R52, H53, S83, F92, K97 at 307 K experience conformational exchange. As expected, Dynamics of Genesis and its DNA Complex the internal motions on the millisecond time-scale of both DNA-free Genesis and the Genesis-DNA complex are heavily in¯uenced by temperature, this phenomenon has been observed previously on ribonuclease H (Mandel et al., 1996) .
Discussion
Genesis is a conserved winged helix protein, which recognizes the AAAATAAC core sequence with high af®nity. Both the structures of DNA-free Genesis (Figure 5(a) ) and the Genesis-DNA complex ( Figure 5(b) ) have been determined by NMR methods Jin et al., 1999) . The structure of DNA-free Genesis indicates that the protein folds into a structure containing four helices, three strands and two wings. Meanwhile, in the complex, helix 3 recognizes the major groove of the core sequence. Wing 1 contacts the minor groove of the DNA site and the C terminus of wing 2 makes phosphate contacts. Also, another small helix (H5) between amino acid residues 82 to 87 is induced when Genesis binds to DNA, which is strongly supported by our dynamics data.
For DNA-free Genesis at 290 K, residues 69 to 74 (W1) and residues 82 to 100 (W2) are highly¯ex-ible and show much smaller J e (0) values than the average value for well-ordered regions, which indicate internal motions in sub-nanoseconds. As demonstrated previously, at 290 K the two wings contain collective motions on a nanosecond timescale . When the temperature is raised to 295 K, the fast internal motions in wing 1 are also likely to be collective, as evidenced by similar relaxation properties and J(o) values for residues 69, 70, 72 and 74. Also, at 295 K the C terminus of wing 2 is more mobile and negative NOE enhancements are observed for F87 and G90, which can be unambiguously assigned. Thus, our data indicate that the two wings respond differently to the temperature change.
After Genesis binds to DNA, the dynamic properties of the two wings are changed dramatically. For residues 69, 70, 72 and 74 in wing 1, the J e (0) values at three temperatures are smaller than the average value over the well-structured regions, which indicates that the residues in this region are still mobile and undergo internal motions in picoseconds to nanoseconds. Our structural calculation indicates wing 1 of Genesis contacts the minor groove of DNA in the complex (Figure 5(b) ), although the relaxation data would seem to suggest that the interaction is not a strong one. What is apparent however, is that the amplitudes of internal motion are modi®ed by the Genesis-DNA interaction and, therefore, are more dispersed than those observed in wing 1 of DNA-free Genesis. Our reduced spectral density mapping indicates that G72 has the smallest J(0) at all three temperatures in wing 1. After Genesis binds to DNA, the residues 82 to 87, which is the N terminus of wing 2, are transformed into a helix (H5) and show J e (0) values close to the average value obtained from residues in H1 to H4. Residues N89 to K97 of wing 2 are also involved in DNA contacts (Jin et al., 1999; Clark et al., 1993) , and show much reduced¯exibilities. Among well-resolved resonances N89, G90, F92, R94, R95 and K97, only G90 and R97 show slightly reduced J(0) values, the J(0) values of the remaining four residues are close to the average value obtained from residues in the helical structure. Residues at the extreme C terminus R98, F99 and extreme N terminus V2 and K3 are highly dynamic in the complex, therefore, it is likely that these residues are not directly involved in DNA contacts. Our data indicate that the interaction between wing 2 and DNA is stronger than the interaction between wing 1 and the DNA. This conclusion is supported by the results from our previous DNA binding assays in which amino acid substitutions at potential DNA contact residues in wing 1, or deletion of DNA base-pairs which contact wing 1, only reduce the binding af®nity between Genesis and DNA (Bravieri et al., 1997; Shiyanova & Liao 1999) . However, deletion of wing 2 completely abolishes Genesis-DNA interaction (X.L., unpublished). Therefore, the dynamic properties of the two wings correlate well with the DNA binding results.
The relaxation and dynamic properties of DNAfree Genesis are dramatically in¯uenced by temperature. At 295 K, the J e (0) values over the sequence are much lower than those at 290 K, pointing to a much reduced t m for DNA-free Genesis at 295 K and an increased motional anisotropy. This large change in t m is likely a result of partial aggregation of Genesis at 290 K. This conclusion is supported by the relaxation data acquired at 290 K on a diluted sample ($0.3 mM). The R 2 values are slightly increased for all residues, while the R 1 values are slightly decreased, and t m is estimated to be 12 ns, a slight reduction from 14.5 ns in this study. However, due to large uncertainties, this set of data is not suitable for the spectral density mapping analysis (our unpublished observation). A possible interaction site is the highly charged C-terminal sequence of wing 2. For this sequence, large chemical shifts and dynamic perturbations were observed in this study. Since this sequence is involved in DNA contacts, in the complex this sequence is protected from protein-protein interaction, and, then the t m and the anisotropic values of the complex might be less in¯uenced by temperature changes, which our data support. However, we cannot rule out a possibility that the structural rearrangement of the long¯exible wing Figure 5 . Ribbon diagram showing the tertiary structure of (a) DNA-free Genesis, (b) the Genesis-DNA complex.
Dynamics of Genesis and its DNA Complex
2 sequence modi®es the overall shape of DNA-free Genesis at 295 K, which leads to an increased anisotropy and also contributes to a shorter t m .
Genesis is not a stable protein. Although the T m of denaturation is 51 C as determined by CD spectroscopy (X.L., unpublished), more than 95 % of Genesis precipitates at 300 K in less than two hours in the NMR tube. This is likely caused by the partial dissociation of different secondary structural elements; therefore one question is, which secondary structural element is the least stable. Our study seems to indicate that the three b-sheet strands are most likely to dissociate ®rst. Even at 290 K, residues in strand 1 show large J e (0) values indicating internal motion on the nanosecond to millisecond time-scale. As the experimental temperature is raised to 295 K, besides the observed large J e (0) in strand 1 (amino acid residues 20 to 24), the residues in strand 2 (amino acid residues 59 to 64 ) and strand 3 (amino acids 75 to 80) also show a large dispersion of J e (0) values. This indicates that on increasing the temperature, slower motions are associated with these two strands and that the residues in these regions have more degrees of freedom of motion leading to the dissociation of these three strands. Our data also indicate that at 295 K Genesis may possess rather complicated internal motions, therefore the modelfree formalism cannot be applied to Genesis under these circumstances. Many winged helix proteins, such as Genesis, were identi®ed in mammalian tissues, which keep a constant tissue temperature around 310 K. The structure and dynamics of Genesis cannot be studied at this physiological temperature under NMR conditions, since it will precipitate out of solution rather rapidly. Therefore, the study of the changes in internal dynamics caused by the temperature increase gives important insight into the structural and dynamic properties of Genesis at the physiological temperature. At 295 K, increased internal motions have already been observed in the b-sheet of Genesis, and much increased motions and/or partial dissociation of the sheet at 310 K are expected for Genesis. Thus, at the physiological temperature it is likely that a well formed-winged helix motif does not exist before Genesis binds to DNA. This is likely one of the reasons that the majority of over-expressed Genesis in Escherichia coli growing at 310 K is localized in inclusion bodies. However, at 290 K the winged helix motif is formed well, and thus the motif is a preferred conformation for Genesis as observed in the complex even at 307 K.
In contrast, after Genesis binds to a high af®nity DNA binding site the internal motions of the three strands are dramatically reduced. Our data show that the J e (0) values are close to the average value obtained from the helices which form the core of Genesis. Even when the temperature is raised to 307 K, the three strands are still stable and show uniform relaxation properties. Therefore, Genesis-DNA interaction dramatically stabilizes the secondary structure elements in the protein. The structures of many protein-DNA complexes were determined previously; a potential DNA contact amino acid residue, such as Arg, has been found to contact divergent DNA bases and backbones in different protein-DNA complexes. How is DNA binding speci®city encoded in a DNA binding protein, such as Genesis? Our dynamic study seems to indicate that the forces in hydrophobic packing, which result in the unique Genesis conformation, and the forces which are derived from Genesis-DNA interactions, should work together to make the secondary structures in Genesis more stable to achieve the energy minimum, but not work against each other to destabilize the conformation of Genesis. We notice that Genesis can bind to divergent DNA sequences with different DNA binding af®-nities (Overdier et al., 1994) . It is possible that when Genesis binds to a weak-binding site, the same DNA contact residues are used to contact a new set of DNA bases and backbones, and the two forces work partially against each other to destabilize the local folding of Genesis and/or DNA in a complex. In this case, we should observe an increased internal dynamics in Genesis and an increased K d for the complex.
Although the Genesis-DNA interaction restricts the motions of many non-DNA contact residues, such as residues in strands 1 and 2, the chemical exchange of W47 is not disrupted by Genesis-DNA interaction, but is heavily in¯uenced by temperature. For DNA-free Genesis at 290 and 295 K and the complex at 295 K, W47 shows a large J e (0), about 1.5 to 2 ns above the average. When the temperature is raised to 303 K, it is still slightly larger than the average value from structured sequences. Only when the experimental temperature is raised to 307 K, the J e (0) value of W47 is close to the average value. Interestingly, Q48 is a DNA contact residue (Jin et al., 1999) , therefore, interaction between Q48 and DNA does not restrict the internal motion of W47. It has been noticed that W47 is one of the most conserved amino acid residues in winged helix family members although we do not know whether its unusual dynamic property is also conserved in other family members.
The Genesis-DNA interaction is a highly dynamic process, which results in obvious conformational changes in wing 2 of Genesis (Jin et al., 1999) . Both wing 1 and wing 2 in DNA-free Genesis are also highly¯exible judging by relaxation parameters and J(o) values. One question is whether these large amplitudes of motions in both wings are necessary for the DNA binding. The dissociation constant of a protein-DNA complex is de®ned as K d k off /k on . For the Genesis-DNA complex in our study, the K d value is in the nanomolar range and the half-life is in the minute range. Assuming the K d is 1 nM and the half-life is one minute {k off ln(1/2)/(half-life)}, then k off , which is ln(1/2)/(half-life), is about 0.01 s À1 and k on , which is equal to k off /K d , is about 10 7 moles À1 . Similarly, the half-life of DNA-free Genesis can be de®ned as (half-life) free protein ln(1/2)/k on when DNA is in excess, and is about 7 Â 10 À8 s (70 ns). If we assume that the two DNA contact wings have to rearrange their structures to form the stable Genesis-DNA complex, then the two wings may need to have internal motions on time-scales compatible with or even shorter than the half-life of DNA-free Genesis. If this is the case, then the fast internal motions observed for the two wings of Genesis are important for DNA recognition. Flexible DNA contact sequences are observed in many DNA binding proteins, and the highly dynamic natures of those sequences may play important roles in fast binding of a protein to its cognate DNA site.
Conclusion
The temperature dependence of dynamics properties of a Genesis-DNA complex and DNA-free Genesis were studied at different temperatures. The simple isotropic model-free formalism could not be used to accurately describe the dynamic changes upon changing the temperature due to the complexity of internal and overall motions involved. Therefore, the reduced spectral density approach was used and proved to be a sensitive probe of temperature dependence of protein-DNA interactions. Our data indicate that protein-DNA interaction dramatically modi®es the dynamic properties of Genesis and that unique dynamic properties of Genesis correlate to its DNA binding properties.
Materials and Methods
NMR methods
The expression and puri®cation of isotopic enriched Genesis and forming of the Genesis-DNA complex have been published previously (Marsden et al., 1997; Jin et al., 1999) . The concentrations of DNA-free Genesis and the Genesis-DNA complex are about 1 mM and 2 mM determined by the Biorad protein assay using a BSA standard (Biorad CA), respectively. The NMR pulse sequences for acquiring 15 N R 1 , R 2 , and NOE data for the DNA-free Genesis and Genesis-DNA complex were also described previously in detail (Farrow et al., 1995; Jin et al., 1998) . All experiments were recorded at 600 MHz on a Bruker DRX spectrometer. The proton carrier frequency was set to the frequency of the water resonance (i.e. 4.70 ppm) and the 15 N carrier frequency was set to 118 ppm. Spectra widths were 1612 Hz and 12,000 Hz in F 1 ( 15 N) and F 2 ( 1 H), respectively. Measurements were carried out at temperatures of 295, 303 and 307 K for the Genesis-DNA complex, and 290 and 295 K for DNA-free Genesis. The 15 N R 1 for both DNA-free Genesis and the Genesis-DNA complex were measured with delays of 0.01(2), 0.1, 0.3(2), 0.5, 0.7, 1.0, 1.1, 1.25 seconds; the 15 N R 2 measurements were taken with delays of 8.32 ms (2), 25.0, 41.6, 58.24, 66.56, 74.9, N NOE experiments were performed in the presence and absence of a proton pre-saturation period of three seconds (Markley et al., 1971) , respectively.
Determination of the relaxation parameters
The intensities of peaks in the two-dimensional (2D) spectra were determined by a peak-picking macro in the commercial software SYBYL (Tripos Inc.). The relaxation rate constants and the { 1 H}-15 N NOE enhancements were determined by ®tting the measured peak heights to two-parameter single exponential functions by using the linear least-square method as described (Press et al., 1989; Jin et al., 1998) .
NMR relaxation data analysis
In our measurements, the relaxation of the amide 15 N nucleus is mainly dominated by the dipolar interaction with its attached proton and by the 15 N chemical shift anisotropy interaction, given as (Abragam, 1961; Bloom et al., 1965) :
Ás/3 1/2 , m 0 is the permeability of free space, h is Planck's constant, g H and g N are the gyro-magnetic ratios for 1 H and 15 N nuclei, respectively, r NH is the distance between the two nuclei, B 0 is the static magnetic ®eld strength, Ás s k À s c % À 160 ppm, in which, s jj and s k are the principal components of the 15 N CSA tensor (Hiyama et al., 1988) .
The power spectra density function J(o) is de®ned as the Fourier transform of the auto-correlation function C(t) (Lipari & Szabo, 1982a,b) :
In case of isotropic tumbling, the spectra density function J(o) could be described by the Model-free formalism of Lipari & Szabo with a generalized parameter S 2 , the rotational correlation time t m and the internal correlation time t e . For isotropic overall tumbling of the molecular, the spectra density function J(o) is given by (Lipari & Szaho, 1982a,b In cases where anisotropic rotational diffusion and complicated motions are involved, such as association and dissociation of a protein-DNA complex, the calculations of the spectral density function J(o) by model-free formalism will become considerably complicated, and in many cases they are not achievable. A good approach is to use the reduced spectral density function mapping method (Peng & Gagner, 1992 Ishima & Nagayama, 1995; Farrow et al., 1995) . This approach does not require the overall molecular tumbling to be isotropic. The spectral density function J(o) was assumed to be J(o) $ (0) is given as (Fairbrother et al., 1998) :
where R ex represents the conformational exchange and J(0) is the power spectra density function at zero frequency. The rotational diffusions of the H N -N vectors in a protein can be analyzed using the relaxation data and the structural information of the protein with the isotropic approximation, the axial anisotropic approximation, and the fully anisotropic diffusion approximation (Bru È schweiler et al., 1995) , respectively.
